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TEE RUPTORE-TESTCHARACTERISTICSOF HEAT-RESISTANTSHEETAIWYS

AT 1700°AND 1800°F

BY J. W. Freemen,E. E. Reynolds,snd A. E. White

The characteristicsof a representativegroupof heat-resistant
allcwsin sheetformwere investigatedby rupturetestsat 1700°and
l&)OOF. The primarypurposewas to ~ovide datawhichcouldbe used
‘bythe aircraftindustryto determinewhetherthe rupture-testproper-
ties of an alloywouldbe a criterionof serviceperformancein com-
bustionchazibersand otherapplicationsof sheetalloysat high teztper-
aturesin powerplantsfor drcraft. Suitableservicedatawerenot
availablefor this type of correlationin the presentreport.

The materialsstudiedincludedthe standardchromium-nickel
types330 (35Ni-15Cr),310 (25Cr-20Hi),310S (25Cr-20Ni+Si),
309 ( 25Cr-12Ni), end Inconel alloys, the new M@& alloyedmaterials
knownas vitaIMmz, co-cr-~i,s816, s590, and low-carbonN-155,amI
four experimentalalloyscontainingcobalt,molybdenum,tungsten,and
berm in additionto nickeland chromium. The highlyalloyedmaterials,
in mst cases,had himer rupturestrengthsonlyfor timeperiodsup
to about10CX)hoursat 17000F and for scmmihatshortertimeperiodsat
l&lOOF. The relativeruptxmestrengthsvmxtedwith the timeperiodand
the temperatureconsidered.ti general,Vitalliq J-838, snd s-5g0 were
the strongestof the new alloysand type 310Swas the best of the standard
alloys. Low-carbonIT-155apparentlyhad the best strengthat time pt3350a8
of 1000hoursand longer.

The rupturestrengthsat 1700°F rangedup to 12,000,8000,52(XI, and
3900 psi for fracturein 10, 100, 400, and 1000hours,respectively.The
correspondingran~ in rupturestrengthsat I&M” F was up to 8600,4200,
2500,d 2000psi.

●

Ratherwide differmces in propertiesof sepsrateheatsof type 310S
and Tnconelalloysshowedthat treatmentpriorto testinginfluencedthe
rupture-testcharacteristics.The apparentequalizationof rupture
strengthsat the longertimeperiodswas attributedto agglomeration,
solution,or lack of precipitationof the excessconstituentsbelievedto
imparthigh rupturestrengthto someof the alloysat lowertemperatures.
Apparentlythe strengthsof the variousmatrixmaterialswerenot greatly
diffemt. Se~ce conditionsunderwhichcorrosionwoulddifferfrom
thatduringthe ru@nn’etestswouldresultin differentruptureproperties.
Presumablya Iess-osddizticonditionwouldimprovethe performanceby
someof the alloys.
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One of the dtificultiesencounteredin the operationof gaf3turbines
has been the shortlifeof linersfor combustionchembers. A suitable
metallurgicaltestwhichwouldgiveretits correlatingwith serviceper-
formancewas not exqil.able.It waa suggestedthat the rupturetestmight
fulfillthe need.

Accotiingly,an investigationof the characteristicsof a representa-
tive@’OUpOf ~OyS =S COlldUCtdto pI’OVi&rUptUrSStrCll@hend dUC-
tilitydata. Fourteenalloysin the form of O.031-inch-thicksheetwere
used. A nuuiberof theseWCIW obtainedfhxnnccmmmroialproductionand the
otherswere experimentalalloys. The rangeof servicetemperatureswas
efi-ted at 1700°to 1800°F end the teststie confinedtothese
taqeratures.

Suitabledatawerenot availableduringpreparationof this report
to correlatethe performanceof the alloysin se?xtcewith the ru@ure-
test characteristics.In en evaluationof the test end the alloys,am
casideration6h0tiabe givento the possibilitythatthe datamey not
be typicalfor someof the alloys. Thereis zwas~ to believethatthe
rupture-testcharacteristicsvery to a considerableextent,dependingon
the priortreatmnt a-g manufacturingfor any one alloy. The influence
of thisfactorhas not been determinedfor sheetalloys.

The investigationwas conductedunderthe sponsorshipandwith the
financialassistanceof the Natimal AdvisoryCommitteeforAeronautics
as a part of theirprogramof sponsoredresearchat the Departmentof
EngineeringResearch-of theUniversityof Michiganon heat-resisting -
alloysfor gas turbines. W programhas coveredextensivework on rotor
materialsaud is being continuedin this fieldend in the fieldof sheet
alloysfor comlustion chanbersand otherhigh-temperature-ductwork.

FO&XmII alloys,the chemicalcmposftfons of ~ch =e *o- fi
tible1, were consideredin the investigation.Five of these,t-s 330,
310, 310s, 309, and lhconelare well knownchromium-nickel-ironalloys
whichhavehen usedwidelyfor heat-resistingapplicationsfor a nuiber
of years● Hve of the ~loys, vitalli~ Co-Cr-Ni,S816$ s590~ ~ 10W-
carbon l’G155are relativelynew alloyscontaininglargesnountsof cobalt,
chromi~ endnickel,alongwith additionsof tungsten,molybden~ or
columbium.The four allLoys,J-837, J-838, J-839, and J-8k0, were new
experimentalalloys.

Two separatelots of Inconeland type 310Salloyswere included.
!!?hiswas done~lY to obtif.11S- ~-- of the de~e to ~ich
the data reportedaxe typical. The particularalloyswere selected
‘becausetheywere of special interest for combustionlinersand other

high-temperature-ductwork in gas turbines.

— . . - ,.. . . . . . . . . ->...<, ,-.). .-. .,.
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All the testmaterials.were suppliedin a conditionin whichthey
ordinuily would%0 furnishedcommerciallyfor high-temperatureservice.
Possibleexceptionsare that thismimt be slterbd~ furtherexperience
with thenew highlyalloyedmaterialsend the four experimentalheats.
M fact,six of the alloyswere obtainedfroma consumerwho had purchased
the materialsfor the constructionof-cabustion chambers.

The materlslswere s~plied as strips22 incheslong,1: inches

wide,and 0.030to O.!)40inchthick. The widthin the 2-inchgage test
sectionwas reducedto 1 inchand the specimenswere testedas such.
The availabledetailsof processhg and heat treatmentare suuunarized
as follows:

Vitallium:
.

The materialtestedwas from Cruciblemelts. ~ts were forged
between20h0°F and lgOOOF. Rollingof the hannueredslabswas done
from 2100°to lgOOOF. Afterfinishrolling,the pieceswrme annealed
6 minutesat 20500F end pickled. Thismaterialwas furnishedby the
GeneralElectrlcCompsny.-

Co-Cr-Ni:

The sheetswere hot-rolled
to 2125°F end then snnealedby
snnealingprocess,the materiel
to reacha requiredtemperature

with a finishingtemperatureof 2100°
heatingat 21~0 to 2200°F. In the
wae held in the furnacejustlong enough
and then air-cooled.The HsynesStellite

Companymade the sheets;and the specimenswerefuimishedby the General
ElectricCcmpsny.

s816:

Sheetswere hot-rolledto O.!)35-inchgageat 2200°to 2250°F,
snnealedat 2200°to 2250°F for 5 minutesend air-cooled.The material
was thenband-blasted,scmihbed,$iventwo passeson coldrolls,and
buckled. It was made by the AZLe@ny-Ludlum SteelCorporationand
furnishedby the GeneralElectricCmupany.

S590:

The finslprocessingincludedsnnealtigat 2150°“Fwith an air
cool● The sheetswere them send-blasted,acid-dipped,scrubbed,and
bucliled.The semplesweremade and suppliedby the Allegheny-Ludlum
SteelCorporation.

Inconel:

The materialsdesignatedas Tnconel-1end Snconel-2
with a finslrollingtemperatureof 2100°F and annealed

werehot-rolled
at 19i10°F,

followedby a pickle. Sheetswere processedby the InternationalM~ckel
Company. Testson lhconel-2weremade froma singlesheet.

-.. —.— —— -- —- ~. --- . —. ..-. —
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~bon P155, &837, tP838,tM3g, and -O alloys:
.

~ots from a 3&pound inductionfurnaceheat were hot-fmged to
.sheetbars approximately2 inchestide by 1 inchthick and the Wrs were 0

rolled to Btrlpa. Forgingwas fhom ap~mimately 21006to nearly1500°F.
The sheetswere rolledfrom approximately20000to nearly14000F. Samples
were then annealed at 20000to 2100°F’and a=ooled. Thesealloyswere
made and supplied by the UnionCarbideand OsrlmnResear@ Laboratories,
Iilc●

me 330:

Sheets were ho%rolled from a

19~0 F, -oded, @ Pic-ao
supplied* specimens.

Type 31.0:

largeinduction heat,annealedat
The CrucibleSteelCompanymade and

The &ucible SteelCompanyfabricatedand suppliedspecimensfrom
a largeinductionheat. The sheetswere hot+rolled,annealedat 2050°F,
ail=coolea,and picnea.

‘&pe 31.OS:

The materialdesignatedAF-18was ho-rolled to O.@!>inch gage sheet
from 21000F, aunealedfor 6 to 8 mhutes at 2100°to 21500F and air=
cooled,sam&blasted,spcbground,cold+oiledto 0.033-inchgage,annealed
21ooOto 21500F for 6 to 8 minutes and aiz-cooled, sandblasted, scrubbed,
cold-rolledone pass,and buckled. This alloywas made by the Alleghem
LudlumSteelCorporationand suppliedby the GeneralElectricCompany.

The materialfromheat 14626was hot-rolledto O.OXMnch gage sheet,
picHed, annealed at 21800F for 6 minutes,wat

7
uenched,san&blasted,

scrubbed,cold-rolledto O.OkO inch,annealed2180 F for 6 minutes,wate~
quenched,sanHlasted, scrubbed,cold-rolledone pass to flatten,rollc
leveled,and sheared. Thisalloywas made and suppliedby.the Allegheny-
Ludl.umSteelCorporation..

Type 309:

No processinginfcmmationis availablefor thismaterial. “Presum-
ably it was ho+rolled and annealed. It was furnishedby the“General
ElectricCompany.

EmcEIxm

This Investigationof sheetmaterialsincludedsufficientteststo
evaluatethe rupturepropertiesat 17000and 18OOOF from 1 hour to at

—.. —._ . . ..— .—= y-— —~ -,—-—~—— ,-- —-.. --: --- ,:-; -----
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least 400 hours. The alloyswere exmined llletallographioally
sf’tcmrupture testdng.

befcme and

The shomt-time tensiletestswere run on thoseall~s for whioha
sufficient number of spedmens were supplied. The tensile maohine was

operated at a head speed of 0.03 inohpm minute after holding the spedmen

at the test temperature far 1 hour. No straindatawere obtainedduring
thesetests. Rupturetestsof lessthan l&hour durationwere also cm
ductedin the tensilemaohineaftemholdingthe specimenfor 1 hour at
temperature. .

The longez+imerupturetestswere run in single-specimenunits.
The upmimens were held approxhmtely24 hoursat the requiredtempe
aturepriarto ap@ioation of the load. Directloadingwas used to apply
the stressto the 1cmm-stxesstests. The higherstresseilspecimenswqre
ltied by a.simplebeam througha systemof knifeedges. No time-
elongationdatawere obtainedfrom the rupturetestsbeoauseof the
difficultyof makingreliablemeasurementson thin sheets,particularly
at thesetemperatures.

Whallographicsamplesof the orossseotion,takenlengthwiseof
the strim!and includingthe fractureof the rupturespecimensfromth~
longestdurationtestsat eachtemperature,were polished,etched,and
mhotogranhedat magnificationsof 10CXXand 1000X.

The data frcm the ruptureand tensiletestsare givenin tableII.
The usuallogarithmiccurvesof stressagainstrupturetime are shownin
figure10 The relativerupturestrengths(0bt43h3afhomfig. 1) *,
duotilityvariedwith both the time periodand the temperature,as is
shownby the tabulationof rupturestrengthsand estimatedductilityin
tablesIII and IV and theirgraphioalcomparisonin figure2.

A teniknoytowarderraticresultswas oharaoteristioof someof the
Inateu’ials. In som casesthesestress+mpturet$m ourves(fig.1) showed
abru t changesin slope.

8
The curvesfor t~e 330 at 1700°F and J-@+Oat

18OO F showedan unusualcharacteristicti that they had a luwerslops
at longertimeperiods.

The stress for rupture in 100 hoursmietl from 1950to 8000psi at
1700°F and 2200 to 4200 psi at 18000F’. h general,Vitallium,&838,
S~O, and low+erbon &155 had the highestrupture strengths. ~ 330
was the weakestat 170W F; whereas,lllconeland typ 303were only

%
Sli tly stronger● The weakeralloysat 170001?were not testedat
1800 F. Of thosetestedat l&OO F, S816 had the loweststrengths
for timeperiodslongerthan I..00hours.

.
.— ...—- .. .— , .. . . . ,. —-— --
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The degreeof auctili~ to fracturein the rupturetestsvariedto
a mnsideraMe extentbetweenalloys. Of the alloyswith the highest
rupturestrengths,=38 had the htghestelongation,althoughthe others
also had good audmm. Lowelongationwas *bitOd by .Cd2MWi and .
t~ gm allcgms

The lcwnickel all@ =37 end &839 were mib~ectto rapid oxidation
and failedfmm this causein the rupturetests. 5 lOSS in se@icn size
due to oxidationwas of suchinfluencethat it was not possibleto obtain
the usual stressru~e tim curves. The lowoxidationresitiancefm
thesetwo all~ was mrffhd by heatingsnmllsampleswithoutstressat
17000F and obtainingmmplete oxidationin 100 hours.

The original mateuzhals and the fhctured rupturespecimensf’twmthe
most pmmged testswere exmined mtdlographically. The Mlnmation
obtainedis illustratedby the photomicrcgraphsof figures3 to 15 and is
sulumarizeaas fcl.lows$

(1)Therewas no appreciabletendencyfm gratngrowthin any of the
8120YSa~i~ ruptwO bst~e Therewas, however,con8ider8blevariation
in grainsizebetweeniditiati alloys.

(2)A layerof clear~cture was olkrved at the surfaceof the
rupturespecimensof all the alloys. 5s was probablythe resultof
ikarburizationor a loss of otheralloyingelensnts%Y a similar
mechanism.

(3) Agglcm@mtion of the excessconstituent ocmrred during rupture
testingin most of the_gaterials.Zhiswas accompaniedby furtherpre-
cipitation in Cc-C&m IULd type 3ms alloys. Thesewere alsothe only
two alloysin which intergrennlsrprecipitationoccurred.

(4)Therewas a Consi-timliledegreeof differencein the amountof
intergranularcrackingwhich occurrednear the fractureof the varlcus
materialsand in the amountof OxLdationthat occurredin thesecracks.
Inccnel,in particular,was very susceptibleto intergranularoxidation.

DISCUSSIONOl?REHIIIB

The primary purpose of this investigationwas to providerupture-
test datafor a representativegroupof allqs whichmightbe usedfor
ccnibustion-cherdberMners and otherhigh-tempelzatureappltcaticns
for sheetmaterialsin power@ants for aircraft. Data at 1700°8na
l&W F are presentedfor severalof the standardchromium-nickelalloys~
someof the newer,highlyalloyedmxterials~ end some~w e~emn+=l
modifications. \

The newer alloys were, in general, outstandingly stqr than the

standard chormiutu-nickelalloysonlyat 1700~1?. This degreeof supeti -

oritydecreasedas the timefor rhptureIncreased.The same general
,

.
.— ....<.., .,
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trends existedat

7
●

1800° l?, wherq”the timeperiodfor equalizingrupture
strengthswas lessthanat l~OOwF. One heat of the standardchromium-
4ckel alloy,type 310S with 0.13 percent carlmn, had considerablyhigher
rupturestrengthsthanthe otherstandardallqS ● This ~rtiCUh? heat
comparedquitefavorablyIn strengthwith the new, highlyalloyed~terials.
One heat of Inconel alloy had an exceptionally high 1000-hourstrengthat
l&30°F. One of the more highlyalloyedmaterials,S816, seemedto have
abnormallylow strength.

Otherfactorsthan chemicalcompositioncertainlyinfluencedthe
variationsin stzwngth%etweenthe all~s. The Mfferences in rupture
strengthbetweenthe two heats of me 310S and helweenthe two lots of
Inconelsuggestthatpncessing procedureand heat treatmenthad a pro-
n0unc6ainfluence on the results. Oxidationprobably influenced the

resultsas was indicatedby the testsof Inconel,J-837,and J-839alloys.

The possibleeffectsof processingprocedureand heat treatmentmay
%e appraisedby the comparisonof data.intableV for the alloysIn sheet,
bar stock,and castforme. A ratherwide mage In strengthhas %een
obtainedfor eachalloy. In general,the castform had the higheststrength,
the bar stockintermediate,and the sheetform lowest. Therewere,huwever,
exceptions,dependingon the heat treatmentof the bar stock. For instanoe,
low-carbonN-155 in the hot-rolledconditionand types309 and 310 tith
lower-tempemtwreheat treatmentsWBreweakerthan the sheetmaterials.

Oxidationundoubtedlyinfluencedthe results. This influencemsy
have takenplace in two ~s. one is that somealloys,suchas type 310S,
had betterstrengthbecauseof high resistanceto Oxidatim. At the
oppositeextremewere J-837aud J-839,which failedprinwrllyby tidatia.
The otherpossibleeffeotwouldbe thatpart of the low strengthof sheet
materialsin comparisonwithbar stockwas due to a largersurfacearea
per unit of crosssectionexposedto oxidationthan in the roundspecimens
frombar stock.

A recentstudyof the resultsof ru turetestsof stezdardchromium-
Bnickelallqvsat tempemturesup to 1800 F suggestedthatnitrogen

contamination,as well as oxidaticm,mighthave influencedthe resultsof
this investigation.(Seereference3.) In refezwnce3, nitrogencontents
as high as 1.33percentwere observedaftermzpturetestsat 1800°F
on 25Cr-201?isteel. The microstawcturesof the type 31.Oand t~e 310S
sheetsamplessuggestedthe possibilityof a nitrogen~ickupin this
investigation.Accordinglyseveralsampleswere ana~zed for nitrogen
with the followingresults:

.
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Test conditions

Tempen% ~treB~ Ruptun3 Nitrogencontent
Alloy ture near fmcture

(%) (psi) H (percent)

S816 1800 1500 260 0.27
Type 330 1700 1500 811 .23
me 310 1700 2500 728 .19
T&) & 1700 3000 1124 .26

1800 . 2200 384 .22
~e-310S 1700 2400 397 .12
(1M26)

.

While the nitrogencontentsof the originaltestmaterialswere not
available for comparison, certainlytheseresultsdo not indicatethe
pronouncednitrogenpickupshown%y nference 3. Samplingmay have
influencedtheseresults,however}%ecausereference3 reportedthe
nitrogencontentto he highestat fractureof the specimens.Theremay
have been unduedilutionof the metalad~cent to the fracturesin the
sheetsqples in o-r to obtaina sufficientlylargesamplefor the
alalysis. Nitrogenpickupmay thereforehave been a largerinfluenceon
the nsults of the rupturetestsin this investigationthan is indicated
by the foregoinganalyses.

The primaryreasonwhy the neweralloyslost their,superiorityat
longertimeperiodsand in lesstime at 1800°F thanat 1700°F was
probablystrut-l Instability. Theseall~s are believedto derive
theirhigh strengthat lowertempe~turesfrompzwcipitatiaof complex
compounds.The microstructureof the samplesindicatethatthesecomplex
compoundsagglomerate,redissolve,or do not precipitateat 1700°and
1800°F. Consequently,the strengtheningeffectfrcm theseparticles,
which is nomwl at lowertemperatures,is lost or doesnot occur. The
decaFburi=tim$ or otheralloy10ss from the surfaceof the specimens,
is anotherstructuml instabilitythatmay, in general,have adversely
affectedstrengthin the rupturetest.

In summarization,then,it appearsthat the propertiesobtainedfrcm
we mpture testsare dependenton strengthof the utrix material,prior
heat treatment,structuralstability,and etiace stabilityof the alloye
under the test conditions.It followsthat the propertiesmightbe con-
siderablydifferentunderconditionsin whichthe surfaceattackwouldbe
differentfrcmthe air atmosphereof the tests. It mightwellbe that a
ccnibustion-gauatmospherewith reducingcharacteristicswouldocmsiderably
increasethe lead-carryingalility. .

The behaviorof some of the alloysin the testsare specificexamples ‘
of the generalcasespreviouslydiscussed.For example:

—. . .- - ------- --—- ------- .-y - ,.-; —-- ----,--, ~ - —. -----~. ..” “,. -.. . ,. ...” -- . . . ~., ,,. . .
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(1)Inconelappearedto be particularlysusceptibleto intergranular
oxidationunder the test.mnditions. (Seefig. 7.) !l!his cmidation was
apparentlymore severeduring‘testing at 1700°than at l~” F The
ermrticrupturetimeperiodsat 1700 l!’and the Indicationof &al
strengthsat 1700°and 1800°F.for longtimeperiodswere probablydue to
oxidationnther thanafig strengthcontrollingthe the for rupture.
The similarityof microstructureof-bothBeatsalso indicatesthat oxidation
ratherthan alloystrengthcontrolledthe rupturetimes.

(2)The low aucti~~ of Co-Cr-Niand type 31-OSalloyswas assioiated
with structuralinstabilityof the Intergmnularprecipitationtype. (See
figs.4, 13> and 14.) Apparent~ the nearlycontinuousenvelqpesof excess
constituentswhich developedin the grainboundariescausedsomebrittle-
ness. Thesewere also the onlyalloysin whtchan appreciableamountof
precipitationoccur?edduringthe tests.

(3) The st~ct-s of the me 310s samples,especiallyheat 14626 at
1700°F, were unusualin that the shapeand the distrlbuticmof excess
ccnlstituentswere quitedifferentfrom the othermaterials. (Seefig. l-k.)
The amountof theseconstituentsalso seemsgreaterthanwouldbe antici-
pated on the basis of the reportedanalyses.

(4) In type 310 a~lq an easily etched constituent fO=a In the grain
boundaries,but not in lacontinuousnetwork. (Seefig. 12.) Eitherthis
constituentdoesnot causebrittlenessor its discontinuous nature aces

not Inted’ere with ductilityat 1760°F.

(5) The structures of the more highly alloyed materials S816, S590,
low-carhn N-155, J-838, and J-8k0, WBrequite similar. (See figs. 5, 6,
8, 9, and 10.) Testing caused relatively little change in the structures,
although varying amounts of oxidation and intergmnular c=cking occurred.
There was some indication that s81.6 underwent mozmstructural altemtion
and oxidation than the other alloys of this group. The stricture of the
Vitallium sheet was co~ble with these alloys, although both the groin
size and the size of the excess constituent particles were larger.
(See fig. 3.)

(6)All the alloyswere sub$ectto intergnmilar cracking duringthe
rupturetests. No consistentrelation,however,betweenthisphenomenon
and propertiesof the alloyscouldbe observed.

!@w solution effects for the various annealing trealdents mea to

a considerableextent. Ccxpletesolutionresultedin t~e 310s (heat14626)
and type 309. Either the tempezYdnarewas too low, or insufficienttime
was allowedto dissolvecarbidesin Co-Cr-l?i,me 310, the AF-18 specimens
of type 31.OS,and type 330 alloys. The newermaterialswith the higher
all~ contentsoontainedlargeparticlesof excessconstituentswhichmade
it difficultto $udgethe zwlativesolutioneffects. Theseparticles
apparentlyacted to mxlntaina fine grainsizesting annealing.

. ..—. .—. — —— ..-.
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Most experience with the behawim cd?matemials at high temperatures

has indicated that at the higher temperatures a larger grain size gives
.

higher strength than a fine ~ size. The two heats of t~ 3.lCE had

different ~ain sizes. TIM f~ materi~, A&18, however,had
w Me ~h. The usualeffectof grainsizemay havebeenmasked
by the weviously describedcomplexstructuralchangesin thesea.llqm.

There are sevqal. factars which influence the p?oprties of the alloys
consideredin this investigation.Fcm thisreason,thereis a reasonable
doubtwhetherthe variationsin propertieswhich seemingly*e due to
chemicalcompositionare due to this c=se alone. Far instance:

(1)The diffaence in structuralcharacteristicsbetweenthe two heats
of type310S suggeststhat heattreatmmt, insteadof the var~ationin
csz%oncontent,may havebeenresponsiblefor the differencein stren@e.

(2) Apparentlythe highercobaltof s816 in comparisonwith S593 was
reepmmible for lowerstrength. The comparativedatafor bar stockand
castingsin talileV indicate,however,thatS590 is not universa~ better
and that someotherfactoris also influencingthe results. The descrip-
tion of the falndcation.ofthesetwo alloyssuggeststhat the S816 sheets
were cold-workedafterthe finalanueal,whichwould increasestructural
instabilityunderthe testingconditions.Th9 relativeeffective~ssof
heat treatmentsor differencesin chromiupcontentmsy alsohaveleen
factorsthat influencedthe ruptureproperties.

(3) ~ ~OYS ~37, =38, =39, @ J-8k0 it appearsthatthe lower
nickelcontentof &837 and J-839 was responsible f= 10U oxidation re-
sistance. !12mindication that the higher nitrogen content of &840 in
comparison with =38 was detriment. to hi&&mperature propertiesshould
be checkedon otherheatsbefcmeit is acceptedas the controllingfactor.

(4) In scnue cases theme was remarkablylittledifferencein rupture
moperties of allms with rather specific variations in composition. Far
‘-e J=838 and J-@+Odiffered &cm S590 in that
the k pm$ent of CO=iUm of S%0 and theirniclml
less. won was also~~ to =38 ~ -OS yet
were similar.

.,

Rupture tests
group of alloys in

1. The degree

carKmJsIm
.

they did not contain

content was 5 percent
their rup~e properties

conducted at 1700° and 18000 F on a representative
sheetformled to the followingconclusions:

of superimityof the highlys3Myed new materials
over the standardchromi-nickel-tim alloysdecreaseswith timefor
ruDtureat 1700°F, so that at tiresperids in excessof 1000huurs
thereare onlyrelativelysmelldifferences.At 18oooF the time perid
fw nesr equalfzationof strengthsis considerablylessthanat 1’?000F.

.
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2. Sheet Vitallium,S%0, 1~bon PIS5, @ -38 -W eve
the highest strengths far most of the time POriOdsc~ia=ea. !l!ype310s
wasthebest &the staMsrd alloys.

3. Separatelots of type 310S and IMonel alloys In sheet, form had
qyite widely varying properties, suggesting that ~im heat treatment is
of considerable influenoe on the properties. !t!his was substantiated by
data fbom other Iwestigations.

40 oxidation during the tests influenced the rupture test ~-
istics,indicatingthatthe propertiesmightdependconsiderablyon the
cxmrosionconditionsduringsemice. tiSS (xzidizIng00nditiOnSW-
~obably increaserupturestrength.

!5.5 tOndOnOYtowdi equalization of rupture strengths, regardless
of alloy content, appears to be duOto agglaueration~ solution, cm laok
of precipitation of the emess constituent believed to control strength
at lower temperatures.

Departmentof Eu@neering Research ●

~versity Of Michigau
Ann Arbor,Mich.,ti~st 26, 1946

1. Freeman, J. W., Reynolds,E. E., and White,A. E.s !CheRuptureTest
Ohsraoteristios of Six Precision+ast and Three W&ought Woys at

1700° and 18ooo F. NliCAAR.RNO.5a6, 1945.

2. Anon.: Resud of IUgh Temperature InvestigationsConducte~during1945.
The TimkenRollerBearingCo., Steeland Tune Div., (Canton,Ohio).

3. Anon.: Resm& of High Tempemture Investigations Conducted during1946-47.
The TimkenRoller Bearing Co., Steel and Tube Div., (Canton, Ohio).

.
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.

TABLE II

~M!!/l AT1700° M#D18000 FR’0R14SKEEPMXOZE

Tempera-tuw Stre8a .“ Rupture time Elongation

Alloy (%’) (psi) “ (m) (percent)

?italliwn . 1700 25,300 aS.T.T.T. 13
a,ooo 0.50 15
9,000 56 7
8,000 103 14
6,000 209 14
4,000 599 20

?Itald.iura 1800 18,900 S.T.T.T.‘ “25
11,ooo 2.43 15
5,000 60 16
4,000 75 D
3,500 160 15
3,000 W& 23
2,750 12

W4r-Ni 1700 22,000 S.T.T.T. 6
13,000 1.13 4
10,000 16 9
6,00a 52 2
5,000 lto 1.5
4,000 333*5 - 3

co-Cz%lTi 1800 16,000 . S.T.T.T. 9
11,ooo 1.92 11
9,000 5.5 “ 8
8,000 u 13
4,500 82 5
4,000 90.5 4
3,500 192 6
3,000 132.5 3
2,500 , 324 2

s816 1700 26,200 S.T.T.T. u
20,000 0.50 3.2
14,000 4.67 19
5,500 64 26
3,800 113 16
3,000 256.5 19
2,500 600 40

-1 .-----/
‘~

al
Shor&t~ tensiletest.

. .... . . . .. —-—— .— - —- .— ---—-
.- . . . - . .



14 NACA ~ NO. 1465

TABLE II - Continued

RUPTURFMESTDATA AT 1700° MID1800° 1? - Continued

Temperature stress Ru@ure time Elongatia
Alloy ( F) (psi) (br) ~ (percent

5816 1800 18,000 S.T.T.T 26
9,000 3.20 30
3,500 25.5
2,500 83 ::
2,000 136 39
1,500 259.5 45

~5w 1700 21,200 S.T.T.T. 9
14,000 2.42 13
11,000 8.08 13
6,000 u8.5 . 9
5,000 235 21
4,000 518 7

;590 1800 15,000 S.T.T.T. 22
11,ooo 1.42 17
8,000 8.6 22
6,000 21 18
5,0Q0 28 17
4,000 ,110 16
3,000 52
2,000 ::

hconel-1 1700 (1)) S.T;T.T. (;
12,000 31
4,000 4;:? 19
3,000 118 27
2,500 177.5
2,250 1492 “~
2,000 - 248
1,800 889 57
2,000 (c)

kmonel-1 1800 (b) S.T.T.T ---------,
k,~o 5.1 19
2,500 54 28
2,000 152.5 25
1,500 605 44

noonel-2 1700 4,00a 30.5 22
3,000 175 60
2,500 649 49
2,000 11o3 50

1800 2,509 35
2,250 52 39
2,000 1340 54

%
“Notsufficientmaterialfor short-timetensiletest.
‘Overheatedat 382 hr.

-

●

✌

. ..-. ,--- . .. .. .. . .. ..—. ..r.+4.- , .. -.:.. ---- . . . . ., —- ..
. . ...”. .. . 1....’< :. ”-..., ;...--.::. . . . .

~, . . .
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,

.—— ._. _

TABIXII - Continued

~ DMA AT 1700°AND 1800°F - Continued

15

Temperature Stress“Rupturetime Elallglation
Alloy (OF) (psi) (h) (~ercent)

Low=oarbonP155 1700 (b) S.T.T.T. ----------
20,000 21.5 12

7,000 27 23.
5,000 -88 u.
4,900 236 16
4,000 831 7

Low=oarbonF&155 18Q0 (b) . S.T.T.T. ----------
6,0do 16.5 28
5,000 17 20
4,000 81 21
3,000 176.5 22
2,500 340 20

J437 1700 20,400 S.T.T.T. 58
6,000 33

[
a)

5,000 31 “a).

J*37 “ 1800 12,600 S.T.T.T. . 47
4,000 9 (d)

J+38 1700 20,700 S.T.T.T. 67
17,000 1.42 9
13,000 8.5 57
9,000 33 %
7,000 132
6,000 28k.5 ::
5,000 434 35

J~38 1800 12,900 S.T.T.T. 53
10,000 2.00 39
5,000 3k.5
4,000 117 z
3,000 186 40
2,500 313.5 37

J*39 1700 23,300 S.T.T.T. 62
6,i)oo 33 (a)

J-839 1800 13,200 S.T.T.T. 33

%ot sufficientmaterialfor short-timetensiletest.

%pecimen severelyoxidized.
T

— —. ,. --—.
,, .- .. .-



16 NACA ~No. 1465

WLE II - Continued

~ DATAM! 17Q0°MID 1800°F - Continued.

J&Lag

340

J440

Type 330

me 310

l!ype 310

~e310S (M-18]

.

.
1700

1800

1700

1700

1800

1700

Stremi
(psi)

19,200
14,000
7,000
6,000
5,000
4,0po
3,000

14,000
9,000
4,000
3,000
2,500
2,000
1,700

9,740
7,000
4,000
2,700
2,000
2j 000
1,750
1,650
1,500
1,500

13,700
9,000
4,000
3,000
2,500

9,650

15,600
I.l,ooo
9,000
5;000
4,000
3,000

Rupturetim
(km)

S.T.T.T!.
2.67
46
160
144
214
1133

S.T.T.T.
2.67
24.5

2?:
233
1309

S.T.T.T.
2.17

17
4&5

147
153
233
8U
525

S.T.T.T.
2.0
85
285.5
728

S.T.T.T.

S.T.T.T.
1.05
5.00
87:
276
1124

JmmgEttion

~ercent)

73
51
25
26
16
27
15

66
40
34
19

$
28

’44
56
28”
36

;:
43
33

“z

18
20
20
15
10

25

42
12

3*5

. . .—. -. -.. --..---”” “.- —-” .“.’ --,..
., . ... . . . . ., ,.



NACATN NO. 1465 17 “

TABLE II - Conoluded

~ DATA AT 17000 AllD18000 F - &)RcIu~d “

.

.

2

Temperature Streee Rupture time Elongation
Alloy (%) (POi) (h) (pw?cent)

Type 31OS (AF-18) 1800 12,900 S.T.T.T. 26
8,000 14
6,500 ::: 16
4,000 75a
3,500 112 ;

. 3,000 231 5
2,500 289 6
2,200 384 4

Type 31OS (14626) 1700 ‘ 10,200 S.T.T.T. 43
5,000~ 25 6
4,000 64 10

. .3,000 233 9
2,400 397 7

Type 310S (14626) 1800 7,550 S.T.T.T. 33
4,000 54
3,000 g “8

- 2,000 345 4
1,700 569 5

me 309 1700 10s390 S.T.T.T. 51
7,000 2.87 45
4,000 36 27.
3,000 log a
2,500 277 7

Type 309 ‘ 1800 6,810 S.T.T.T. 51
4,500 15
2,500 9;:; 15
2,300 .254 14
2,000 93.5 18
1,800 321 10
1,500 Discontinued 8

after1772
hr

.

------- . ..—-— - .-. .——. -— —~ —,. , ----
.:. . . . .. .’. . . . . .

-.. .“ .
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TABLE m

IIACA~ NO ● 1465

.

.

mPTuRESmEmTm OE’SHEETALLOYSAT 17000 AED18000 r

@rem curvesof stressagdnst rupturetime,fig.~

Tempe?+ Sixesafor rupturein indloated.the periods
ature
(%?)

(psi)
Alloy llir 10 hr 100 hr 400 br 1000 hr

Vltallil.nn 1700 18,500 M,ooo 8000 4600 3300
cO-’h’Q?i 1700 14,000 10,500 5600 3700 WOO
s816 1700 18,000 10,500 4500 1900
S590 1700 17,000 10,500 6300 %0 3400
Inconel-1 1700 10,000 5,600 3100 1750
Inconel- 1700 ------ 4,800 3300 2100
LOw+arlmn Ik155 1700 -..--- ------ 5300 z: 3900
J437 1700 (b) (b) (b) (b) (b)
J438 1700 19,000 12,000 7400 5200 a3500
J+39 1700 $~o (b) (b) (b) (-b)
J~O 1700 10,000 5600 3900 3100
Type 330 1700 8~500 4,600 1950 1600 1400
Type 310 1700 lo,~o 6,400 3800 2850 2300
Type 31OS (AF-18) 1700 U,ooo 8,000 5000

gl%
3100

Type 310S (14626) 1700 .9.-.. 6,400 3600 a~oo
Type 309 1700 8,800 5,200 3100 2300 algoo.

Vitalllum 1800 13,500 7,800 4200 2500 a1800
co-C&Nl 1800 1.1,500 8P600 4000 2300 a1600

s816 1800 U, 200 5,600 . 2200 12’70 %300
S590 1800 11,800 7,600 3700 2400 1800
Inconel-1 1800 a6,500 3,800 2200 1600 1300
Inconel-2 1800 ------ ----- 2500 2200 2000
Lo??-oa?hnM.-155 lm ------ 6,&)o 3500 2400 %*O
J-838 1800 11,ooo 6,800 4100 2300 %500
J’-84O 1800 13,000 ~s~o 270Q 2100 I&x)
Type 31OS (M-18) lW 9,000 3600 2200 a1600
me 310S (14626) :&& ------ 4;8?30 2900 1400
Type 309 a7,000 4,100 2450 :% 1500

=g-
%btained by extrapolation.
% leoauseof seveiwoxidation.

.

. . “.. .-. .2 --- n----- ---- —-- .—------ — —-.— -- —--- ---—— —--- .- ——
.. . . . . . ... ..4 .,

.,;’ . . . . . . .
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TABLE Iv

~ ~ ELONGATIONSOF SHEET ALLOYS AT 1700° MO 1800° F

Alloy

Vitallium
cO=cFNi
s816
S590
lhoonel-1
Inconel+
Low-okrllwlN-155
H&

Tyye 330
Type 310

[
Type 31OS AF-18)
me 31OS 14626)
Type 309

Vitallium
co4r4i
s816
S590
lkmnel-1
Inconel.-Q

Iaw=oarboa IV+155
J-838
J-840

[
Type 310s AE.18)
Type 310S 14626)
me 309

Tempe~
ature
(w)

1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700
1700

1800
1/300
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800

Estimatedelongationto tiacture
in ti~cated timeperiods

i-EF

15
4

15
13
30
.-

::
55
55
20
12
-.
50

20
10
30
17
. .
-.

i;
45
15

;;

10 hr

15
9
20
13
25
20
12
57
50
30
20
5
6
40

15

$
22
19
--
28
30
40
15
55
15

14
2

20
9

R
u
60
25
25
20
7

10
21

15
4

:2
26”
35
21
60
20
6
8
15

12

4;
30
30
40
20
37
25
4
4

10

1000 h?

20
. .
40

5;
50
7

-.
15
60
10
4

.-
-.

. .

. .

.-

&)

50
--
--
28
--
--
--

- - ------- —-— --- .. ., ., ”...: ,. ,.. —.. - . . —
‘, . . . .
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TABLEv

COMPMU!rIVB17000JlRD18C@FlUlPT0W~ OFSEVEHALLOYS
xrrlmm?MaP2BEEr,EaRsmCK2AEDmECmIONCAmTmS

T6yemlle
TreduBnt

Esi%dxl rupture Source of

(a)
lld%%-?Pai) auotil.lty(peroezlt) data,

fcuoy (OF) Foml refemnoe

Vital.llum 1700 2heet Ameele& 8,OCQ 3,300 ~ 20
Vitalllum 1700 cast --.-.--- 13,000 10,OOO 8 5 1

Vitallium sheet Annealed 4,200 bMcc G .... ...
Vitallium .-...-.. 9,400 7,000 1.3 12 1

&6 1700 met A.C.~ ~ 4,500 1,900 m 40
-6 1700 Bar atook W.Q.2300°F+ 9,5UC 6,100 15 E 1

16 hr at 1700°F
17CU2 Caat .... . .... .... 14,500 U,5C0 10 6 1

2haet A.C.~O ~ 2,200 * 35 --.-----
28M Bar tiok U.Q.23000F+ 5,300 3,000 m .--... 1

-6
16hrat18000F

Caat ............... 1o,5007,800 10 .....s. 1

1700 2heet A.C.~ F 6,300 3,4CU
9,400 6,600 3: 2

1
1700 Bar dock

).6%%?::0 F
1

1700 Caet .. ... . ....... ll,mc 8,400 15 8 1

2heet A.C.21w0 F 1,800 16 10
1800 Bar diook 2%1 3,500 ~ .......-#?#yo F 1

Caet .. ..........-. 8,000 5,800 13 5 1

Low-carbon%155 1700 2heet A.C.2000+UCO0 F 5s300 3,900 U 7
Ld?-mrbonK155 1700 Bar * Eot-rolJed .5,100 2,500 30 .- ..... 1

bon XA155Low—oar 1700 Ber etook A.-C.22820F 7,600 4,800 m 10 1

~bon N-155 18m Sheet A.C.20004UOO0 F 3,500 %,850 21 .....-.
Lo+Oarbon%1% Moo Ber - A.C.228@ F 4,900 2,800 I.1 -------- 1

w (3W) - 1700 *et Annealed 3,100 bl,gm 21 ..-.-.
1700 Bar atook V.Q.=0 F 4,000 2,100 2

~12 17m Ber -ok W.Q.l@ B 2,700 1,300 e

*E (309) 2haet 2,4W 1,500 15 -....-.
*U2 ).800 Bar 6took w%% r 2,200 1,0s 2

Bar stools W.Q.l$X3@F l,aoc 1,000 2

354.5(330) 1700 mat A.C.1~ F 1,950 1,400 e 60
3-5 1700 Baretook W.Q.2000°T 3,000 1,800 2

3.545 Bar StOOk W.Q.2QOO0F 2,000 1,2Q0 2

w (20) 1700 Sheet A.C.- F 3,200 2,300 20 10
170U Ber M W.Q.21fj@1’ k,mc 3,500 2
17m Bar e@ok N. 17000F 1,800 1,44M 2

- (3M BarStook W.Q.21~ F 2,7S UC&
Bardmok IL1700F 1,~ :

?A.C. - ai?+oooled; W.Q. - -~a; E - M-I=.
%btttma by*pOmiOIL .

.

.

.

.

_ —— . ..- — ....- -.—. . ----,.. - ,. -.: -!,----- . -----
. -.::--.-””. “--’”..,. . . . ...- ..’”?“4
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Figure 1.- St~ess-rupture-time curves at 1700° and 1800° F for
sheet alloys. =l!ZQ=
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—

I=% I I I ! 1IIll 1 I I I II111 I
a 4 *a, z 4s ● 10

RUPTURE TIME , HO;RS

RuPTURE TIME. HOURS

Ssaoo a , , , , , , , 1 , 1

20000 I I

.—
Scm

-

40M I I I

3aoo I Ill
I I I

RUPTURE TIME. HOURS

30

I I 1111111 I I M40 “ I I I I 111111 I
20l-t t

01-
2
a.
1-
bl

RUPTURE TIME. HOURS

ST.T.T. = SHORT TIME” TENSILE TEST

I?3gure l.-.
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Continued.
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z
n
Rn’
a
!4
a
1-
a

RUPTURE TIME, HOURS

I

I

RuPTuRE TIME, HOURS

m
I

42-A ELONG 1111111
TYPE 310S

*=-,. nmr > I 1111111 I I 111111

RUPTURE TIME, NOURS

aood , 4
—.-. -~

Sooo 11111 i

4000
I

2000
1

1

I

=.tt=~ TIME TENSILE TEST
RUPTURS TIME, HOURS

Figure 1.- Concluded =&=
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24 NACA TN NO. 1465

ALLOY w7ALLl16J c6-cm+41 S816 S500 Mq M ;8 .J940 nP2330 n PE 310 7YPE Stx 7W230U
I m 55

c 0.20 Low ass 0.41 OJ3 0.14 0.11 0.13 0.18 0.14 au ao47 0.12

#
Mm ------ -----— ------- .75 1. L44 L46 I .Sa I .37 I .63 --- L92 -------

s: --- - --- -----— ------ .55 .5 .58 .51 .sa .62 1.09 3. 227 - ------

i cm 2Z Sa I* Iazz Is 2L24 23.
g

2a30 21.W 15.77 23.50 2t63 2S

~ N 2..3 . Is 2a 13.67 7s tes 14.20 1- S327 2L33 2a Zaa I 2.

$: .B1 5% 4: ye -
------. 30.22 21.14 20s4 .-----— ------- ------- -------

------- 3.I o 4.3s 4.33 ------- ------- ------- -------

iw —---- ------- 4. 4.12 ------- W5 4.43 4.33 ------ ------ ------- ------

d
co ------- -- —--- 3. 3.70 ----- Lo I ------ —-. -— ------ ------ ------. -------

Y FC -----:- ----—- ------- ------- ~ ---- ---
~

--.--- ------ -----— ------ - ------- -------

Na ------- ------ ------- ------- -— --- J3 .---—- J17 ------ ------- ------- ------

5 B - ------ ------- ----- - ------- ----— ------- .37 45 ------ ------- - ------ -------

I

1700° F RUPTURE STRENGTHS
12sa

w
a .10000

:27,

a-=:

k~sooa

a

g$
170V F RUPTURE TEST DUCTILITY

:: 60 x:

ad
EW

1800° F RUPTURE STRENGTHS

M37 I J930

0.13

1.6s

.50

2027

4.40

20.82

4.3s

4.56

0.12

1.43

#s

Zi.m

4.40

20.04

4.4a

4.40

t

------ -----
------- J 24

stvmE OSIMTION

I

*

3=
—-

1

I

NOT mslw

I

*
o 10-w

t

: y--m ~~m~ s7Rmwl’N SNo 04JCTUJ7Y

x ICC4-NOW

Figure 2.- Comparative rupture properties at
for sheet alloys.

=$9=

1700° and 1800° F

.
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0 8 .4 9 i

1
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!
100X looox

(a) Original microstructure. =%?=

Fracture - lOOX Interior - 1000X

(b) 599 hours for rupture at 1700° F under 4000 psi.

Fig&e 3.- Microstructure of sheet VWdlium alloy. Electrolytic
chromic acid etch.
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NACA TN No; 1465 27

Fracture - lOOX
.

Wterior - 1000X

(c) 472 hours for rupture at 1600° F under 3900 psi.

Figure 3.- Concluded. =@=

100X 100ox

(a) Original microstructure.

Figure 4.- Microstructure of sheet Co-Cr-Ni alloy. Electrolytic
chromic acid etch.
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Fracture - lOOX Interior - looox ‘=3gs=

“(b) 333.5 hours for rupture at 1700° F under 4000 psi.
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Fracture - 100X “ Interior - 1000X

(c) 324 hours for rupture at 1800° F under 2500 psi.

F@ure 4.- Concluded
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Fracture - 100X Interior - lOOOX .

(b) 600 hours for rupture at 1700° F under 2500 psi.

Figure 5.- MicroStructures of sheet S816 alloy. Acid ferric
chloride etch.
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Fracture - lOOX Interior - 1000X
.

.

(c) 259.5 hours for rupture at 1800° F under 1500 psi.

Figure 5.- Concluded. v—

. loox 100ox

(a) Original microstructure;

Figure 6.- Microstrudures of sheet S590 alloy. Acid ferric
chloride etch.
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Fracture - lOOX Interior - lOOOX

(b) 518 hours for rupture at 1700° F- under 4000 psi.

Fracture - 100X Interior - lOOOX .

(c) 693 hours for rupture at 1800° F under 2000 psi.

Figure 6.- Concluded. =3i3cJj7
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(a) Originalmicrostructure. v

Fracture - 100X Interior - lOOOX

(b) 1492hours for rupture at 1700° F under 2250 psi.

Figure 7.- M.icrostructures of sheet Inconel-1 alloy. Electrolytic
chromic acid etch.
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Fracture - 100X Interior - 1000X
(c) 605 hours for rupture at 1800° F under 1500 psi.

Figure 7.- Concl~edO ~
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loox looox

(a) Originalmlcrostrtiture.

Figure 8.- M.icrostructures of sheet low-carbon N-155 alloy. Acid
ferric chloride etch. ,
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(b) 831hours for rupture at 1700° F uqder 4000 psi.
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Fracture - lOOX Interior - 1000X

(c) 340 hours for rupture at 1800° F under 2500 psi.

Figure 8.- Concluded. v
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loox looox

(a) Originalmicrostructure.

Fracture - lOOX Interior - lOOOX

(b) 434hours for rupture at 1700° F under 5000 psi.

Figure 9.- MicroStructures of sheet J%38 alloy. Acid ferric
chloride etch.
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Fracture - 100X Interior - 1000X

(c) 313.5hours for rupture at 1600°F under 2500psi.

Figure 9.- Concluded. =$=

(a) Original microstructure

Figure 10. - Microstructure of sheet T%340alloy. Acid ferric
1 chloride etch.
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Fracture - lOOX Interior - lOOOX

(b) 1133 hours for rupture at 1700° F under 3000 psi.
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Fracture - lOOX

(c) 1W9 hours for rupture

Figure 10. -
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Interior - lOOOX

at 1800° F under 1700 psi.
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loox looox ‘

(a) Originalmicrostructure. v
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Fracture - lOOX Interior - lWOX

(b) 811hours for rupture at 1700° F under 1500 psi. .

Figure 11. - Microstructures of sheet type 3W alloy (15Cr-35Ni)..
Aqua regia in glycerine etch. ..
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Fracture - lOOX Interior - 1000X J

at 1700° F under 2500 psi.(b) 728hours for rupture

Figure 12.- Microstructures of sheet type 310 alloy (25Cr-20Ni).
Electrolytic chromic acid etch.
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Figure 13.- Microstructure of sheet type 310S (AF-18) alloy
(25Cr-20Ni+Si). Electrolytic chromic acid etch.
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13.- Collcludd.Figure.
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(a) Original microstructure. v
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(b) 277 hours for rupture at 1700° F under 2500 psi.

Figure 15.- Microstructures of sheet we 309 alloy (25Cr-12Ni).
Electrolytic chromic acid etch.
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Figure 15.- Concluded.
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